Technical Stop of 2016 -2017. In the framework of the upgrade, the front-end electronics were replaced and the PMT boxes were reworked to implement two-channel readout in order to exploit the benefits of the multi-anode PMTs. The new PMTs with two channel readout allow background tagging and signal recovery. In addition, the front-end electronics implement a 6-bit TDC to provide an additional handle to eliminate the background. The Hadron Forward Calorimeters were commissioned and operated successfully in 2017 data taking period. Here we describe the details and the components of the upgrade, and discuss the operational experience with the Phase I Upgrade.
I. INTRODUCTION
HE Compact Muon Solenoid (CMS) [1] experiment is a general purpose detector designed to test the Standard Model (SM) and explore new physics at the CERN Large Hadron Collider (LHC). It has been running successfully for the last ten years and one of the milestones is the discovery of the Higgs boson. Figure 1 shows a schematic view of the detector. The Hadron Forward (HF) Calorimeter [2] is a subdetector of the CMS and designed to improve the detection of the particles in the very forward region, between the pseudorapidity (η) values of 3.0 and 5.0. Clear identification Manuscript received October 15, 2018. This work was supported in part by the U.S. Department of Energy, Turkish Atomic Energy Authority (TAEK) and Bogazici University Research Fund Grant Number: 14040 (18B03P2).
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of the forward jets and the missing transverse energy (MET) is very important in studying the Higgs boson production modes, especially the vector boson fusion (VBF) mechanism. There are two identical HF detectors placed at both ends of the CMS detector ( Figure 1) .
The CMS-HF Calorimeter is a 1.65 m long sampling calorimeter with steel absorber (Figure 2-left) . Plastic-clad quartz fibers with a diameter of 0.6 mm are the active elements. The fibers are inserted into 1 mm grooves drilled in the steel absorber 5 mm apart. The fibers are parallel to the beam line and the "long fibers" are 1.65 m long and "short fibers" are 1.40 m long. The short fibers start 25 cm inside from the front face of the HF. High energy particles produce particle showers in the absorber through electromagnetic and hadronic interactions. When particles from these showers pass through the quartz fibers, Cherenkov radiation is produced. Subsequently, the light travels through the fiber into the photomultiplier tubes (PMT) to be processed. This is for the real events. However, during the collisions there are stray muons in the vicinity of the readout boxes (ROBOX) and they produce Cherenkov radiation when they pass through the glass window of the PMTs. These so-called "window events" result in very large signals mimicking a discovery type event. The PMTs used in the HF detectors were Hamamatsu R7525 with a glass window 1.2 mm thick at the center and increasing to 6 mm at the edge [3] . These fake events were observed at the beginning of the Run I period causing unacceptable fraction of bad events.
Operational Experience with the CMS Hadron
Forward Calorimeters Phase I Upgrade II. PHASE I UPGRADE As part of the Phase I upgrade of the CMS Detector, a major upgrade in the HF calorimeters was planned, including the replacement of the PMTs and the associated electronics cards.
Several new types of PMTs were tested to reduce the "window events" and the four-anode R7600U-200-M4 PMT by Hamamatsu [3] was selected to replace the old ones as part of the Phase I upgrade program. The new PMTs have much thinner windows (less than 1 mm) and four anodes providing additional handles to discriminate between the "window events" and the real events. The so-called "window events" usually illuminate one quadrant or one side of the PMT. In contrast, the light coming from a real event shine on all quadrants and produce a more balanced signal in all the anodes.
The new PMTs were extensively tested in several beam tests [4] , [5] and under collisions in the CMS. Algorithms utilizing the four anodes and the signal imbalance between the anodes were proposed and tested during these beam tests. However, a new readout system was needed to take advantage of the additional channels. To be cost-effective, front-end readout electronics cards were redesigned for two-channel readout of the four-anode PMTs. Back-end electronics was also changed from the old VME based system to the new microTCA based system.
The new front-end electronics cards included the upgraded QIE (Charge Integration and Encoding) chips, QIE10. The new version of the QIE chips incorporated the arrival time (TDC) of the signals in addition to the two-channel readout. TDC signals can be used to eliminate the "window events", since the beam tests showed that the arrival time of these events is earlier than the real ones.
As an added bonus, thin windows of the four-anode PMTs were shown to produce smaller Cherenkov signals compared to the old ones (Figure 3 ). In addition to the replacement of the PMTs and the readout electronics, improvement in data transfer was planned to handle the increased load due to the TDC and two-channel readout.
III. INSTALLATION AND COMMISSIONING OF THE HF CALORIMETER
The installation and commissioning of the various components of Phase 1 Upgrade were completed during long shutdown 1 (LS1) and in the Extended Year End Technical Stop from December 2016 to April 2017 (EYETS 16-17).
The four-anode PMTs were installed and commissioned during the LS1 while keeping the old readout system with a small modification to readout all four anodes as a single channel. Baseboards inside the ROBOXes were replaced with the appropriate ones for the four-anode PMTs and 1-channel adapter boards are added. These adapter boards and additional cabling inside the ROBOXes enabled the readout system to combine the signals from all four anodes into a single one so that the old legacy front-end electronics boards could be used. At some point, a ROBOX was modified to include the prototype of the redesigned front-end electronics card and then reinstalled in the detector. The data taken with this prototype showed that the new front-end cards were successful in eliminating the window events both by using the timing of the signals and the two-channel information. Fig. 4 . Redesigned front-end electronics card with the new QIE10 chip (top). Existing ROBOXES were reworked during the EYETS 16-17 period. All the front-end cards were replaced with the new two-channel front-end cards. 1-channel adapter boards were also replaced with the 2-channel adapter boards to ensure the correct cabling of the four-anode PMTs to the front-end electronics cards (bottom).
200 new front-end cards with the improved QIE chips and the radiation hard FPGAs were produced in 2015 in Turkey and tested at CERN (Figure 4-top) . However, at that time, some parts needed for the final installation were not ready and the final installation of these cards was postponed to EYETS 16-17.
The new cards were installed during EYETS 16-17. Adapter boards installed earlier to use the legacy front-end electronics boards were replaced with the 2-channel boards and the associated cabling to read out the four-anode PMTs in two channels (Figure 4-bottom) . However, 2-channel readout and the TDC information provided by these new cards increased the data volume and a new data link between the front-end and the back-end electronics, capable of handling the additional load, became necessary. The new data link, GBTx, developed by CERN is a 4.8 Gbps data link that serializes and transmits the QIE10 data to the back-end electronics.
In addition to the installation of all the reworked ROBOXes into the detector, new calibration boards and the new radiation damage monitor for the quartz fibers were also installed.
Commissioning of the HF detectors started as soon as all the installation was completed. Initially, data channels were checked by taking data with led, laser and internal charge injection (a feature available in QIE10). Pedestal data were also taken as part of the calibration of the detector. Finally, the detectors were calibrated by taking data with Co 60 radioactive source inserted into special grooves that could move in parallel to the fibers in the absorber. Taking data with the radioactive source verifies the operation of the whole detector, including the data acquisition system, while providing an energy calibration measurement.
IV. OPERATIONAL EXPERIENCE AFTER THE PHASE I UPGRADE
When the 2017 run period started, HF detectors performed above expectations. The new front-end electronics cards worked as designed and processed the signals from the combined pairs of anodes. In addition to the signals from the two channels, the arrival time of the signals in each PMT was also recorded. "Window events" are produced right in the window glass of the PMT and arrive earlier than real events. Figure 5 shows the distribution of the arrival time of the signal as a function of the charge collected [6] . As seen in this scatter plot, most of the events fall in the middle, corresponding to a later time as expected for the real events. Some events seen to be clustering towards the bottom edge, corresponding to an early arrival time as expected for "window events". In fact, even a simple histogram of the arrival time will show a distribution with two peaks (projection of the scatter plot onto the TDC axis), the small one at the earliest time belonging to "window events". It seems that the signals due to "window events" arrive in less than 5 ns and the signals due to real ones are later than that.
Arrival time can be a very good way of identifying the "window events" from the real ones, but some such events may be coming later. They are not completely synchronized with the collisions. Elimination of such background events can be improved by comparing the signals obtained in both channels of a specific PMT. Fig. 6 . Charge asymmetry between the two channels versus the total charge collected in the PMT were plotted here. Color palette on the right shows the number of events for a specific color. Since light from real events travel through the fiber and the light guide before falling on the PMT and illuminate all four anodes, real events produce similar outputs in all four anodes of a PMT. On the other hand, the so-called "window events" are produced right in the window glass of the PMT and most likely fall on one or two anodes, producing asymmetric signals. Events seen in the top and bottom sides are due to such "window events".
Charge collected in each channel is provided by the QIE. The charge asymmetry between the PMT channels can be calculated by taking the difference divided by the sum of the two channels. For real events, this value should be close to zero, hence the asymmetry distribution should show a large peak centered at zero. On the other hand, these background events will fall to the sides well away from the central peak at zero since they are produced by stray muons hitting one quadrant or side of these four-anode PMTs. Figure 6 shows the distribution of the asymmetry versus the total charge in both channels [6] . Scatter plot in this figure also shows that some of these background events produce quite large charge values. Combination of the arrival time and the asymmetry method improves the elimination of these background events to a high degree.
Discovery type events usually involve a measurement of the missing transverse energy (MET) or a reliable determination of the jet energy. Jets are clusters of particles moving in a specific direction. They are produced mostly in hadronization process of the quarks and gluons. In discovery type events, correct identification of a jet and determining its energy is crucial.
Usually, such large signals indicate a new particle and the trigger systems are designed to look for such events. In addition to causing false triggers, the large signals produced in the "window events" will also increase the error in determining the MET, which is obtained by adding all the transverse energies measured in an event. Since the colliding particles do not have transverse energy, MET is related to this total.
Another study was made to see the performance of the Phase 1 Upgrade in the HF detectors by looking at the effect of the HF noise reduction using the timing and charge asymmetry method on MET measurement. Fig. 7 . HF noise reduction effect on the MET spectrum, especially due to the charge asymmetry and timing methods. Results after each cut are shown in the same graph. Methods developed after Phase 1 Upgrade are as effective as the topological cuts that were in existence from the beginning. Combining all the cuts help improve the MET distribution. Figure 7 shows the evolution of the MET distribution obtained with the HF signals. In this graph effect of the arrival time cuts (TDC filters), topological filters and combined cuts (TDC, charge asymmetry and topological filters) are plotted together. Topological filters are cuts imposed upon the events related to the expectations in the energy measurements due to the HF construction and its geometry [7] . Topological filters were being used since the beginning of Run 1 period. "Long" and "short fibers" are attached to separate PMTs and the "window events" were produced in only one of these fibers. Comparisons of the "long" and "short fiber" signals were used to select the real events in the old system. These comparisons were incorporated into the topological filters. Additional filters applied on selecting the events for the MET calculation after the Phase 1 Upgrade are as effective as these topological cuts and maybe even better. However, combining the TDC and charge asymmetry filters with the existing topological cuts reduce the background and provide a better result in determining the MET.
V. CONCLUSIONS
After the completion of the Phase 1 Upgrade installation, both HF detectors were commissioned fully and ready for the data taking at the beginning of the 2017 run period. All the components of the Phase 1 Upgrade in the HF detectors performed superbly, especially the four-anode PMTs coupled with the new front-end electronics cards. Arrival time and the two-channel information on the PMT pulse shapes provided very powerful tools to eliminate the "window events", major source of noise in the HF detectors. The HF detectors are more efficient in the MET and jet energy determination after these upgrades.
